ABSTRACT In this paper, we study the impact of the idle/dynamic power consumption ratio on the effectiveness of a multi-V dd /frequency manycore design. We propose a new tool called LVSiM (a Low-Power and Variation-Aware Manycore Simulator) to carry out the experiments. It is a novel manycore simulator targeted towards low-power optimization methods including within-die process and workload variations. LVSiM provides a holistic platform for multi-V dd /frequency voltage island analysis, optimization, and design. It provides a tool for the early design exploration stage to analyze large-scale manycores with a given number of cores on 3D-stacked layers, network-on-chip communication busses, technology parameters, voltage and frequency values, and power grid parameters, using a variety of different optimization methods. LVSiM has been calibrated with Sniper/McPAT at a nominal frequency, and then the energy-delay-product (EDP) numbers were compared after frequency scaling. The average error is shown to be 10% after frequency scaling, which is sufficient for our purposes. The experiments in this work are carried out for different Idle/Dynamic ratios considering 1260 benchmarks with task sizes ranging from 4000 to 16 000 executing on 3200 cores. The best configurations are shown to produce on average 20.7% to 24.6% EDP savings compared to the nominal configuration. Traditional scheduling methods are used in the nominal configuration with the unused cores switched off. In addition, we show that, as the Idle/Dynamic ratio increases, the multi-V dd /frequency approach becomes less effective. In the case of a high Idle/Dynamic ratio, the minimum EDP can be achieved through switching off unused cores as opposed to using a multi-V dd /frequency approach. This conclusion is important, especially in the dark-silicon era, where switching cores on and/or off as needed is a common practice.
I. INTRODUCTION
Over the last decade, we have witnessed a major shift in processor design from a single complex monolithic processor towards the manycore design paradigm, which uses a large array of simpler processors. The manycore design provides a promising solution to numerous design challenges. Technology scaling issues, process variation, thermal impact, power density, and the market demand for battery-operated devices are all major obstacles that hinder performance and power
The associate editor coordinating the review of this manuscript and approving it for publication was Gian Domenico Licciardo. budget improvements. However, manycore designs provide better localized control over power and thermal impact. The manycore design also relies on throughput instead of raw processor speed for performance improvement [1] - [10] .
There are many compute-intensive problems in areas of machine learning that can benefit greatly using manycore designs, but power consumption of such designs is a big problem. In the current mobile computing era, power consumption of a thousand-core chip is one of the key challenges. In addition, the process variability of small feature technologies is creating irregular distributions of power and speed among cores [11] - [13] . Furthermore, as technology continues to scale down to 10nm and below, the dark-silicon phenomenon becomes more prominent [2] , [14] . Dark silicon is defined by the inevitable fact that a large portion of the chip may have to be switched-off, i.e., ''dark'' all the time, to meet the power budget. The active part is determined based on the workload requirements. The needed apparatus to switch cores on and off is now part of the chip that controls the power consumption. Another common practice is the use of multivoltage and frequency techniques to ''dim down'' cores that are running non-critical tasks, and this is the subject of our paper
The contribution of this paper is twofold. The first contribution is towards the efficacy of multi-V dd /frequency design with respect to the Idle/Dynamic power ratio. A multi-V dd / frequency design is shown to be effective primarily when the dynamic power dominates over the idle power, and we seek to quantify this effect. Specifically, we find that it is effective when the ratio is two times higher or above. However, if the idle power is the dominant power component, an On/Off core switching mechanism is sufficient to produce the best power savings. This mechanism is in line with system-level energy optimization methods that exploit the dark silicon phenomenon. Extensive experiments are carried out in this work to demonstrate this outcome.
The second contribution is LVSiM which was used to carry out the analysis. It is a manycore simulator that follows a holistic simulation approach. The nature of such a manycore platform is necessarily complex. In our view, the analysis should be carried out from the application perspective, considering system, microarchitecture, and circuit, and device level issues, to deliver a proper evaluation [6] , [15] - [21] . Many proposed simulators attempt to tackle only a few of these aspects at a time. For instance, Sniper/McPAT [22] is a power, area and timing model that is combined with a multicore simulator for application and architecture development. Others, such as [9] , [23] , and [24] , target low power and/or speed exploration and modelling. However, a holistic simulation environment that includes the aforementioned factors is needed. Similar to most application-level simulators, the main challenge is always the tradeoff between accuracy and complexity [25] . This could be even more challenging for large-scale manycore simulators when dealing with thousands of cores [26] , [27] . In the literature, The suggestion has been made to use simple high-level core modelling and shift the details into other elements or issues under investigation, such as system-level power and performance evaluation in the early stages of the design cycle [28] . In the case of LVSiM, we follow a similar approach to focus on systemlevel assessment of low-power techniques while including process variations for manycore designs. LVSiM can be used as a vehicle to carry out system-level experiments targeting low-power methods under process, voltage, and temperature variations for large-scale manycores. Unlike existing simulators, LVSiM is developed targeting large number of cores with simple modelling methods to be used in early design stages for initial evaluation.
To establish a baseline, we compared the power numbers calculated using Sniper/McPAT [22] and LVSiM. In particular, LVSiM is first calibrated using the nominal power numbers extracted from Sniper/McPAT. Then, LVSiM experiments are carried out with frequency scaling. The power numbers produced by LVSiM after frequency scaling are then compared with Sniper/McPAT and the accuracy results are reported herein.
Beyond the improvements in accuracy, some of the techniques used in LVSiM are the improvements of the work done in [10] . Crucial changes have been implemented in LVSiM to improve simulation speed and to provide a complete simulation platform. LVSiM is programmed using the C language, as opposed to MATLAB, which was used in the prior work, to improve simulation speed and to provide a free open-source tool to the research community. Another key change is eliminating the use of genetic algorithms (GA) as a data routing optimization method and instead using XYZ-routing [29] to improve simulation speed. The capacity of the tool to handle larger applications and more cores was increased. Specifically, two optimization rounds were removed as a result of removing GA. This allowed the scaling up of problem sizes from 1000 to 16,000 tasks, and an increase in the manycore sizes from 1600 up to 3200 cores. Scaling to these levels permitted LVSiM to use improved and novel approaches to tackle low-power optimization for largescale problems.
This paper is organized as follows. Section II presents motivation and review of previous work. Section III presents the low power optimization techniques available in the simulator. Mapping applications to cores is discussed in Section IV. Section V presents the process variation modeling used by LVSiM. Section VI describes the LVSiM simulator platform. Finally, Section VII provides the experimental setup, with calibration to Sniper/McPAT, and summarizes the results and findings.
II. RELATED WORK
In this section, we review existing manycore simulators targeted towards low power and process variation. Of particular note in the description of previous work are the power models, problems sizes, and complexity of the problems. The size of any optimization problem dealing with large-scale manycore platforms presents a major issue. Unlike traditional simulators, a manycore simulator requires special consideration of complexity versus accuracy. A complex model might provide high accuracy, but it may result in prohibitively high simulation time [25] - [27] . Thus, the model must be targeted towards specific aspects, such as low-power and performance evaluation, simulation time, area estimation, cache policy, network topology, etc. This provides a focused direction for the relevant optimization techniques with an acceptable accuracy-speed compromise [25] , [26] - [30] . These tradeoffs are evident in most of the prior work.
Binkert et al. [15] developed the gem5 simulator. It is a merger of two simulators, namely M5, which provides a configurable processor framework, and GEMS, a memory design simulator. The gem5 tool provides a full system with detailed instruction-set architecture (ISA) and memory models. It also utilizes a parallel discrete-event simulation (PDES) environment to improve simulation speed. It is mostly used to explore cache and memory design in a multicore platform. It has been reported that it has poor performance, especially when a large number of cores are used [18] , [31] . Certner et al. [17] proposed a manycore simulator supporting scalability and fast simulation time. They used a discreteevent simulator model to support up to 1024 cores.
In [16] , Carlson et al. presented Sniper. The simulator runs in parallel on a multicore design to speed up the simulation time. The number of cores considered in the work was up to 16 cores. Li et al. [32] proposed a power, area, and timing model, namely McPAT. The model is used for design space exploration of multicore platforms. At the system-level, the model includes a network-on-chip (NoC), shared caches, memory controllers, and multiple domain clocking. The critical-path timing, area, dynamic, short-circuit, and leakage power are calculated at the circuit-level. Different device types including bulk CMOS, SOI and dual-gate transistors are used. The McPAT model has to be integrated with a manycore simulator for power and performance estimation. The authors demonstrated a multicore design with up to 64 cores.
Kim et al. [33] presented an imitation learning (IL) vs. reinforcement learning (RL) comparison to improve the efficiency of dynamic voltage and frequency scaling of voltage islands in a manycore platform. The authors used a combination of gem5 [15] and McPAT [32] as a platform to carry out the experiments. The paper uses a maximum of 64 cores in their manycore simulation environment.
Heirman et al. [22] described a multicore hardware/ software design exploration platform that combines Sniper [16] , and McPAT power modeling [32] , with custom DRAM power models. The authors indicate that the proposed platform is fast for multicore design because it uses analytical models. They showed that this platform could predict timing performance and power numbers with absolute errors of around 22% and 8%, respectively. The paper noted that the maximum number of cores considered is 16 cores.
Kodaka et al. [9] developed a method to predict the needed number of cores to satisfy workload changes. The method optimizes for low power without any performance degradation. The authors used dynamic voltage and frequency scaling (DVFS) and power gating to achieve their goal. They used a maximum of 32 cores to demonstrate their method.
Lai et al. presented PoweRock [23] , a flexible Dynamic Power Management (DPM) tool. The authors proposed a profile-guided DVFS with a power prediction model and a scalable architecture. PoweRock produced roughly 37% and 25% of energy and energy-delay product (EDP) savings, respectively. The number of cores considered in the experiments was 48 cores.
Cai et al. [34] proposed a model to minimize energy consumption under performance constraints. They also considered process variations in the work. They state that the power reduction obtained is 31% and the throughput increase is 11%. The number of cores considered in the experiments was up to 128 cores. Stamelakos et al. [35] proposed a dualvoltage platform to mitigate process variation impact in a manycore design operated at near-threshold (NT) supply. A dual-voltage rail (DVR) is used to power the cores. The paper notes a 50% improvement in performance under the same power budget. The maximum number of cores considered was 128. Lee and Kim [36] addressed the issue of low power under process variation. The paper discusses replacing core speed by increased throughput. The authors show a 65% reduction in power for highly parallel applications. The number of cores considered was up to 8 cores. Miller et al. [37] present another DVR approach to mitigating the core-to-core variation in which the authors show a 50% improvement in performance with the same power budget. They used a 64-core platform.
Drego et al. [38] used a near-optimal search algorithm to select a proper voltage value (of two available voltages) to mitigate core-to-core speed variation. The authors show 6% to 16% in energy savings. The paper also addresses the switched off cores to save on energy while meeting the performance constraints. The proposed methodology assumed manycore platforms with 100 and 1000 cores. Rahmani et al. [39] proposed a multi-objective dynamic power management for NoC. The method uses fine-grained voltage and frequency scaling and power gating considering core reliability. The authors claim to have minimized the aging effects and to have extended the core lifetime and boosted the overall throughput. The paper considered a manycore design with 144 cores to demonstrate the proposed method.
Jeyapaul et al. [40] proposed UnSync-CMP, a customizable and redundant Chip Multiprocessor (CMP). The platform uses redundancy to handle cache soft errors. The proposed platform shows a 34.5% power reduction, 20% speed improvement, and 13.3% less area overhead. The authors used a platform with 8 cores. Mercati et al. proposed in [41] multi-rate predictive controllers to dynamically adjust the GPU computational resources to maximize energy savings while meeting the timing target. The paper claims a 25% energy saving compared to existing methods without performance overhead.
Many other papers present different schemes to address power reduction using different simulators and methods for voltage and frequency scaling. Some of these papers addressed other issues such as scalability, memory hierarchy, thermal issues, and process variations [8] , [11] , [24] , [39] , [41] - [54] .
III. LOW POWER OPTIMIZATION IN LVSiM
We propose a new open-source tool called LVSiM 1 (a LowPower and Variation-Aware Simulator for Manycores) to address low-power optimization, including within-die process and workload variations. LVSiM provides a holistic platform for multi-V dd /frequency voltage island designs for large-scale manycore designs. The problem of assigning voltage and frequency values to cores, scheduling tasks into time slots without conflicts and routing traffic to satisfy the power and performance requirement is an NP-hard problem [10] . Scaling up the problem into thousands of cores to deliver the required timing deadlines of thousands of tasks within a limited power budget requires new methodologies and development platforms. In this section, we discuss the applicability of existing methods to large-scale manycores, and propose new methods to handle the power reduction problem.
At one extreme, the voltage and frequency assignment to cores can be fixed prior to chip fabrication without possible changes after fabrication. This method has a simple power delivery system. It is usually used when the processor is designed for a specific application and its workload is known before fabrication. This method may not be suitable for a processor with manycore capabilities as it has very limited flexibility. The other extreme case would be to dynamically change the supply voltage and the frequency for each core, i.e., DVFS. If this method is implemented at the core level, it incurs considerable timing and energy overhead, and high design complexity [8] , [10] , [12] , [34] , [42] , [55] - [58] .
An intermediate solution is to limit the number of voltages or frequencies to a small number and allow an energyaware operating system to select the proper values for each core. If needed, the core supply can be adjusted when switching between different applications. This reduces the timing and energy overhead and simplifies the circuit design. This compromise method provides the needed flexibility with acceptable design complexity for manycore platforms. It can be realized using a multi-voltage rail system and a multiclocking network. Each voltage-frequency domain (VFD) consists of cores using the same voltage and frequency values.
A typical method described in the literature for multicore is to map the application onto cores and then attempt to slow the cores down, i.e., reduce the voltage and/or frequency of cores to eliminate any slack [10] . Thus, the voltage and frequency values can be specified for each core after scheduling tasks on cores. However, this does not scale well with large manycore designs. When the traffic cost is also included, the complexity of the optimization problem becomes very high. It is more appropriate to set the cores' voltage and frequency (based on estimating the application needs) before application mapping. Then, tasks with the same slack are grouped together and executed on cores within the same VFD. This approach is used in LVSiM.
A. POWER AND DELAY MODELING
Accurate power and delay modeling of cores in a large-scale manycore design is important. However, the power model complexity can create a bottleneck for acceptable simulation speed. Thus, we use the alpha-power model to model critical path delay in voltage/delay scaling. The equation is given by:
where C o is the capacitive load along the critical path, k is the technology-dependent variable, V dd is the supply voltage, V t is the threshold voltage and α is a tuning parameter. The dynamic and idle power, total core power, router and link power are modelled as follows:
where C L is the capacitive load of the core, (β.f) is the average switching rate, I o , q, n, and k are known technology parameters and constants, T is the temperature, P shifters is the power consumed by level shifters between domains, and P router,link is the power consumed by the router and links at every cross-section of the Network-on-Chip. The energy and the Energy-Delay-Product (EDP) for the given power equations are then calculated using the following equations:
The given models are sufficient for our purposes and have been used extensively in the literature to validate different system-level power and delay optimization techniques [23] , [26] , [35] , [36] , [49] , [59] , [60] . In our case, we calibrate our initial power numbers to Sniper/McPAT prior to the analysis to ensure that the results deliver acceptable accuracy, as described later in section A.
B. CORE REDUCTION PROBLEM
A key step in the optimization process is to determine the number of cores for each Voltage-Frequency Domain (VFD). A VFD is defined as a set of cores with the same voltage and frequency values, as shown in equation (8), where C is any core with voltage and frequency V i and F j , respectively.
A typical method used for multicores is to schedule tasks with the same slack on as many cores as are available to meet the timing deadline. This would be without any constraints on the number of cores used for each VFD. Instead of keeping cores idle, it is assumed that it is better to use these cores with reduced voltage and frequency values to run non-critical tasks. This was acceptable in small multicores before the dark-silicon problem.
In the dark silicon era, some cores have to be switched off to maintain the total power budget. The core reduction problem is defined as maximizing the off cores to reduce the power while meeting the performance requirements. Specifically, it is defined as follows: a set of cores C within VFD ij are identified to be switched off. The tasks running on these switched off cores have to migrate into a higher order VFD, i.e., with higher voltage and frequency values, to maintain the timing deadline. This core reduction step is meant to minimize the number of cores that are being used while the timing deadline is met. FIGURE 1 and FIGURE 2 illustrate the nature of the problem. Assume that for the given standard task graph (STG) of FIGURE 1. with tasks T1-T9, the voltages of the cores are scaled down to eliminate the associated timing slacks shown in the table of Fig. 1 . An initial implementation of the task graph using multi-V dd is shown in Fig. 2 (a) with each core having its own voltage values. Note that each VFD here is assumed to have a single core in this example for illustrative purposes only. Specifically, the five VFDs are {C 1 }, {C 2 }, {C 3 }, {C 4 }, and {C 5 }. However, another implementation without voltage scaling is also possible with fewer cores as shown in FIGURE 2 (b). Thus, it is possible to migrate tasks T 3 , T 5 and T 7 to C 1 , without any voltage scaling, and then switch off C 4 and C 5 . In this case, switching off two cores provides more power savings than powering all cores with voltage scaling. The final VFDs are {C 1 }, {C 2 }, and {C 3 }. Although On/Off switching can result in timing and power overhead, it is an inevitable necessity in the dark-silicon era. Voltage scaling can be implemented after switching off the maximum number of cores as shown in FIGURE 2 (c).
C. CORE REDUCTION OPTIMIZATION
The core reduction and optimization described above is carried out as follows. Initially, tasks with the same slack time, i.e., those utilizing the same voltage and frequency values with no timing overlaps, are scheduled on the same core within a given VFD. The outcome of this step is multiple VFDs, each with a number of cores running a number of tasks. Then, the number of cores within a given VFD is reduced. A core within a VFD can be removed if all its tasks can be scheduled onto another core in a higher level VFD (i.e., with higher voltage or frequency values, so that the timing deadline is always met), assuming that the incremental power increase is minimal. The optimization target is to minimize the number of cores per VFD. This step is referred to as the Core Reduction step. However, this can be implemented in a number of different ways.
One of the following four approaches can be selected in LVSiM for core reduction during low power optimization:
1-Core to Multiple Domains (C2MD): tasks of removed core can be scheduled on any destination core of any destination VFD. 2-Core to Single Domain (C2SD): tasks of removed core have to be scheduled on any, but all within the same destination VFD. 3-Core to Single Core (C2SC): tasks of the removed core have to be scheduled on any, but all within the same destination core in the same destination VFD. 4-Tasks to Multiple Domains (T2MD): tasks of the tobe-reduced VFD are scheduled on any destination core of any destination VFD. The methods used in core reduction range from rigid to highly flexible. But it is not clear at the outset which method will be the best overall. However, all methods require that the destination VFD be of a higher V dd /frequency order to preserve performance. The number of cores, tasks, and VFDs greatly affects the optimization speed and outcomes. C2MD selects a core to be removed from the source VFD based on the lowest power overhead, i.e., the minimum power increase if this core is removed. It removes the core and moves its tasks to a higher level VFD such that the power is kept at minimum and the performance is not affected. The tasks of the removed core do not have to be scheduled on the same core or in the same VFD, hence the notion of multiple domains. This method gives the freedom to the tasks of the removed core to be scheduled anywhere, as long as the power overhead is minimal. VOLUME 7, 2019 Another option is to limit the scheduling of the tasks to the same VFD. Thus, the C2SD method forces all tasks of the removed core to be scheduled in the same destination VFD. Otherwise the core cannot be removed. The third method, namely C2SC, forces all tasks of the removed core to be scheduled on the same destination core in the same destination VFD. Finally, the last method, namely T2MD, is the most flexible of all methods. It does not look at cores within the VFD. Instead, it attempts to remove as many tasks as possible from a given source VFD to any higher level destination VFD. In the process, many cores will be removed from the source VFD. After the optimization is completed, all VFDs are expected to have the minimum number of cores to execute all tasks and to satisfy the timing deadline.
D. VFD REDUCTION PROBLEM
Initially, the cores within a VFD are assigned voltage and frequency values selected from user-defined voltage and frequency lists. The assignment is based on the available slack for each task running on these cores. The number of voltages and frequencies used by cores is then reduced to a smaller number. This is because only a limited number of voltages and frequencies can be implemented in the actual hardware, a problem usually referred to as the voltage and frequency selection problem [10] . Alternatively, it is referred to as VFD reduction, or VFD merging. The work described below extends the Removal Cost Method (RCM) proposed in our prior work [10] to perform VFD.
First, the power consumption of a given VFD is calculated. Then, the removal cost (RC) of a given (voltage, frequency) pair is defined as shown in equation (9):
where NTP and CTP stand for the New Total Power and Current Total Power, respectively. The RC is defined as the increase in total power consumption if two domains, VFD(V i ,F j ) and VFD(V k , F l ), are merged together into the higher level domain (or VFD(V i , F j ) is removed), VFD(V k ,F l ), where the voltage V k > V i and the frequency F l > F j to satisfy the timing deadline.
The removal cost is calculated for all available VFDs. Then, the VFD with the minimal cost is removed. In other words, a VFD with a given voltage/frequency value is removed if it has the minimal impact on power consumption, i.e., minimal power increase if removed. After removing VFD(V i ,F j ), its tasks are added to VFD(V k , F l ). The number of cores in VFD(V k ,F l )may increase as a result of allocating more tasks to this domain.
Given the initial number of available voltages and frequencies, N v and N f , respectively, the total number of VFDs is equal to N v * N f . Looping through all VFD might be computationally expensive. Thus, LVSiM provides a compromise for improving the speed. This step can be done in three different ways: reducing voltages and then reducing frequencies (VFR), reducing frequencies and then voltages (FVR), or reducing individual VFDs (SVFR). For example, in the VFR approach, the user can choose to reduce the voltages first. This way the removal cost is going to be for a given voltage value instead of a single VFD. Thus, all VFD with the same voltage are going to be combined into one removal cost value. The voltage with the minimum removal cost is removed. After the voltages are reduced into the required number, the frequencies are reduced in the same way in a consecutive loop. A similar method is used in FVR, except that the frequency-based reduction is carried out first, and then voltages. The SVFR is the most computationally expensive approach as it uses the combined approach.
IV. APPLICATION MAPPING ONTO CORES
In this section, the methods used to schedule tasks on to cores are discussed. LVSiM provides different approaches to evaluate the priority of each task during scheduling, and the proper core location to execute this task, as discussed below.
A. TASK SCHEDULING PRIORITY
The scheduler used in LVSiM is a modified As-Soon-AsPossible (ASAP) scheduler. Tasks are scheduled on cores as soon as the data and control dependencies are satisfied. The scheduler prioritizes ready tasks based on which one should go first. There are two types of priorities: user-defined STG priority and scheduler-defined task priority. The tasks of a higher STG priority are given higher precedence while scheduling over the rest of the tasks.
Task priority is applied within the same STG. Tasks on the critical path have to be scheduled first as they have the highest priority. Non-critical tasks are prioritized using different methods based on available slack and/or based on the number of successors (i.e., task's children). Although all available slacks of all tasks are supposed to be eliminated during the voltage and frequency scaling, some will inevitably remain after the core and VFD reduction steps. Tasks with more slack are assigned lower priority. Alternatively, a task with more successors should also be considered to have a higher priority. Rather than specifying the scheduling method in LVSiM, one of the following five prioritization options may be chosen by the user: first. Those with the same slack are scheduled based on the number of children. 5-Children-Slack Task Priority or CSTP: After random shuffling, ready tasks with more children are scheduled first. Those with the same number of children are scheduled based on the slack. Tasks are selected for scheduling based on task priority. The root tasks, i.e., tasks with no predecessors, are scheduled first. Once a core is selected for a given task, the task delay is recalculated to reflect the new changes due to the impact of process and voltage variations on the selected core. XYZ-routing is used to handle data traffic [29] , [61] .
B. TASK CORE SELECTION
A core has to be assigned to run a given task. It has to belong to the proper VFD, such that the timing requirements of the given task are met. Root tasks are scheduled on any available core. Ideally, successor tasks should be scheduled as close as possible to their predecessors to minimize traffic time. The core used for a successor task is selected based on the center of gravity of all predecessors. Since the XYZ-routing is used, the value of the X, Y, and Z coordinates of the selected core are calculated using the average traffic/distance from the cores of all predecessor tasks (pre-tasks). The amount of communication between a given task and its pre-tasks is used as a weighting factor when calculating the coordinates of the core. If the core at the calculated coordinates does not belong to the proper VFD, the closest core within the proper VFD is selected. Three possible methods can be selected as criteria for core selection. The following three options are available in LVSiM:
1-Any Free Core (AFC): tasks are scheduled on any free core in the order of appearance. 2-Center-of-Gravity Core (CoGC): the core is selected based on the center of gravity. If the core is busy, then the task is not scheduled within the current cycle time and the task must wait for a core to be available. 3-Center-of-Gravity with Waiting List (CoGWL): the core is selected based on the center of gravity. If the core is busy, the task is pushed into a FIFO waiting list for this core.
V. PROCESS VARIATION CALCULATION
The manycore paradigm is only possible with small-feature technologies, where billions of transistors are fabricated on the same chip. Consequently, as the dimensions of the transistors get smaller, the precision at which the transistor can be fabricated has deteriorated significantly. In a manycore platform, the problem manifests itself in speed and power discrepancy among cores. Many papers proposed methods to mitigate the impact of process variation. Furthermore, thermal impact due to core overuse, and voltage drop due to workload distribution, are other important issues to consider as well. Process variation is calculated using its two components: systematic and random. The systematic component is calculated using a multivariate normal distribution. The spatial correlation due to systematic effects is captured using a distance dependent model with a spherical correlation shape function [10] , [62] .
The manycore is divided into smaller regions, where each core is comprised of a given number of these regions specified in the simulator configuration file. Each region has its normal distribution for V t (threshold voltage) and L eff (effective gate length) with 0 mean and standard deviation σ sys . The random component is represented by standard deviation σ rand . The random and systematic components are then added together.
LVSiM can generate the process variation profiles (PVP) internally. Process variation parameters are user-defined. Each PVP file contains the normalized frequencies of the cores within the manycore design. The file also contains the mean threshold voltage for each core. The normalized frequency is used to calculate the core speed and dynamic power. The mean V t is used during idle power calculations.
Temperature variation is generated using an external tool, namely HotSpot [63] . LVSiM generates the needed configuration files to be used by HotSpot. The simulator then invokes Hotspot to calculate the thermal impact numbers, where these numbers are read by the simulator. If HotSpot did not run for any reason, the thermal impact is ignored. In this paper, we do not use any thermal impact calculations, and HotSpot is not used, but the capability is available in the simulator.
The voltage variation due to workload is calculated using a resistive mesh, where the current drawn by a core is represented by a current source. The delay and power numbers are re-calculated during simulation using the calculated voltage [10] .
VI. LVSiM SIMULATION ENVIRONMENT
In this section, we discuss the experimental setup utilizing the LVSiM simulation platform. The optimization flow used by LVSiM is shown in FIGURE 3. The simulator is configured FIGURE 3. LVSiM simulation platform. VOLUME 7, 2019 using the Simulator Configuration File (SCF). The SCF is the main configuration file used to set the simulation environment and parameters used to build the manycore design. In this file, the user can specify the links to application files, set the values of the process and voltage variation parameters, as well as nominal power and frequency numbers, voltage and frequency scaling parameters, and power optimization methods used during simulations.
As shown in FIGURE 4, seven files are read by LVSiM, some of which are mandatory while others are optional depending on user preference. The mandatory files are the Simulator Configuration File (SCF), and Standard Task Graph (STG). The optional files are the Process Variation Profile (PVP), Hotspot Configuration File (HCF), Core Voltage Layout (CVL), Core Frequency Layout (CFL), and finally Heterogeneity Specification File. In the next step, the application is analyzed to determine the initial power and speed characteristics. The tasks and the number of cores for each Voltage-Frequency Domain (VFD) are estimated. Then, a core reduction method is used to reduce the number of cores per VFD. One of the methods discussed in section III can be used to reduce the number of cores. The VFD reduction is then performed to reduce the number of domains in the design to a pre-defined number. The core reduction step is performed again to further reduce the number of cores.
The manycore size, number of layers, process variation impact on core's frequency, core's equivalent threshold voltage due to variation, and core's voltage drop values, are then used to create the manycore configuration. Next, the layout of VFD onto cores is performed. LVSiM provides two options for VFD layout in the SCF. The first option is stacking the VFD, Stacked Domain Layout (SDL), one after the other, starting with the one with the highest voltage and frequency values. For instance, assuming the first VFD to have ten cores, then the first ten cores of the first row are assigned to this VFD. The remaining VFDs are laid out in the same way. The second option is to alternate the voltage and frequency values for cores to cover all VFDs, referred to as Alternating Domain Layout (ADL). For instance, assuming two VFDs, the odd-numbered cores are assigned to the first VFD and the even-numbered cores are assigned to the second VFD.
In this version of LVSiM, the voltage and frequency values of the routers and links are going to either follow the cores' voltage and frequency or set to the nominal values. Internally, LVSiM uses separate variables for the NoC voltage and frequency values than that of the cores. This is in anticipation of having different optimization methods for the NoC in future versions.
Once the voltage and frequency are assigned to each core, the simulator schedules the tasks on cores. Each task has to execute on a free core with proper voltage and frequency values.
The simulator produces data and results in all stages. For instance, the simulator does voltage and frequency optimization for all tasks of the STGs. For each task, it saves the core used for execution, pre-tasks, real and assumed starting and finishing time, real execution time, power consumed, waiting time, and other relevant data. This data is saved into a separate file to keep a full record of the task execution behavior. The second file produced by the simulator saves the cores' activity during execution such as dynamic and idle power and frequency values of each core, number of times each router and link of the NoC is used. It also saves the final total power, STG data such as parallelism factor, critical path, total number of cores used, total number of cores switched off, and number of cycles took to finish execution. It saves the outcomes of each stage in a chronological order. Last but not least, if the user chooses to generate the PVP internally, a file for each PVP is generated based on the parameters specified in the SCF provided by the user.
VII. EXPERIMENTS AND ANALYSIS
In this section, we describe the experimental setup used in the simulation. First, LVSiM accuracy validation with respect to power estimation is presented. Then, we show the power saving results for large-scale benchmarks and discuss the outcomes. The main purpose of the experiments is to identify the set of options, or configurations, that provide the highest power savings. There are many options to choose from, and many combinations of these options. We chose to evaluate the most promising configurations for use in LVSiM. Another key question we address is how the ratio of Idle/Dynamic power affects the decision to use multiple VFDs or a single VFD. In particular, if there is little activity in a design, the leakage power would be high and it is better to use a single VFD and shut off unused cores, i.e., create areas of dark silicon. On the other hand, if many cores are busy, the dynamic power would be very high so the use of multiple VFD would be appropriate. We used LVSiM to explore and quantify this tradeoff.
A. LVSiM/SNIPER POWER NUMBERS' VALIDATION
In order to validate LVSiM, we compared the EnergyDelay-Product (EDP) numbers generated by LVSiM with Sniper/McPAT [22] , [64] , [65] . Note that Li et al. [65] also used EDAP (Energy-Delay-Area-Product) and EDA 2 P (Energy-Delay-Area 2 -Product) as metrics, while we only used EDP. because LVSiM does not estimate the area. Sniper provides a middle ground between analytical architectural models and a cycle-accurate simulator. Analytical models tend to be fast but they do not capture all architectural details. On the other hand, cycle-accurate simulators utilize detailed architectural models to precisely simulate the architecture. However, doing so slows down the simulator, which limits the number of configurations that can be evaluated, especially for realistic workloads.
Sniper utilizes interval simulation techniques to improve its accuracy while maintaining simulation speed. Interval simulation raises the level of abstraction by replacing the cycle-accurate core-level simulation model with a mechanistic analytical model [66] . The analytical model estimates core-level performance by analyzing timing intervals between two events.
Sniper generates dynamic activity in the form of instruction-level statistics and utilizes the Multicore Power, Area, and Timing (McPAT) framework [65] for power and area modeling for manycore architectures. McPAT uses technology projections from International Technology Roadmap for Semiconductors (ITRS) for dynamic, idle, and shortcircuit power. McPAT uses detailed models of various components of processors, i.e., cores, caches, NoC, and memory controllers. McPAT provides offline power and area estimates for full systems designed for various technologies.
As discussed earlier, LVSiM uses a much simpler simulation environment with basic models to calculate the energy, power and performance numbers as it is intended for use at a very early design stage. Thus, LVSiM requires a calibration cycle with an existing tool to deliver acceptable accuracy. LVSiM takes in the application abstracted as a standardtask-graph (STG) and maps it to cores. In order to generate STGs for realistic benchmarks, we utilized MCProf [67] , which is an open-source, run-time memory and communication profiler. MCProf uses the Intel Pin [68] dynamic binary instrumentation framework to perform measurements at various granularity levels. MCProf tracks instructions, routines and memory accesses to maintain a producer-consumer relationship which can then be expressed as a flat-profile callgraph or a task-graph. Using a Python script, we converted this information to the required STG format which can be readily utilized by LVSiM to generate the power profile of a given application. Table 1 lists the five benchmarks used to compare the power numbers from Sniper/McPAT and LVSiM. The total number of tasks is listed for each case. The critical path length, measured in cycles, is the processing time of the tasks that lie on the critical path. The parallelism factor is the sum of all task computation times divided by the critical path time.
The number of cores used in both LVSiM and Sniper platforms is 16. The nominal power was extracted from Sniper/McPAT for each of the five benchmarks. LVSiM was then calibrated through injecting the nominal power of a given benchmark that was obtained into LVSiM's configuration file, namely the SCF (as discussed in section VI). Simulation using LVSiM was then carried out with frequency scaling and then the total EDP was computed. Consequently, the EDP difference error between LVSiM and Sniper/McPAT was calculated for the five benchmarks at seven different frequencies. The error difference between LVSiM and Sniper/McPAT are reported in FIGURE 5 and Table 2 . The EDP error is shown after calibrating LVSiM with respect to Sniper/McPAT at a frequency of 1000MHz. The nominal power numbers were fixed after calibration and then the frequency was scaled to 600MHz, 800MHz, 900MHz, 1100MHz, 1200MHz, 1400MHz and 2660MHz. In general, the errors increase as the scaled frequency gets further from the nominal value, i.e., 1000MHz. The highest error is shown at 2660MHz, more than double the nominal frequency, for all benchmarks. Table 2 shows that the benchmark with the minimum error is the fluid benchmark, with an average error rate of 2.3%. The benchmark with the maximum error is the fft benchmark with an average error rate of 18.7%. Moreover, the frequency with the minimum error is the 1100MHz, with average error of 1.8%. The frequency with the maximum error is 2660MHz, with an average of 31.5%. Finally, the total average error across all benchmarks and frequencies is 10.2%, which is within acceptable bounds for use in LVSiM. 
B. LARGE-SCALE EXPERIMENTS
The purpose of the work is to carry out experiments on very large manycore designs. This type of experimentation is not possible on other existing tools as discussed in section II. LVSiM is configured to run a 3D manycore architecture with 2 dies stacked on top of each other. Each die has a total of 40x40 cores, creating a platform with 3200 cores. Each layer has a two-dimensional router mesh. The routers are connected through vertical links to the upper layer to create the XYZ network-on-chip used by the simulator.
In earlier sections, we described the myriad of options available currently in LVSiM. The total number of different configurations that can be implemented by LVSiM is 360: 3 for VFD reduction (section III, D), 4 for core reduction (section III, C), 5 for task scheduling priority (section IV, A), 3 for core selection (section IV B), and 2 for core layout (section VI). This presents a problem, since it is not clear at the outset which combinations of options will emerge as the best for a given application. To reduce the size of the configuration space, we manually selected 38 meaningful configurations in order to generate a manageable set of results. These configurations are spread over all options in an attempt to conclude most cases. Table 3 shows the 38 LVSiM configurations used in this work. We indicate the options in the column headings (using acronyms given in the sections listed above) and use ''x'' to indicate its use in each configuration (listed as rows 1 to 38). Note that configurations 1, 2, 3, 4, and 5 are cases where multi-V dd /frequency is not used; hence, the only power reduction gain is through switching off unused cores. The allowed values of the voltage levels vary from 0.6V to 1.4V in 0.05V increments, and the normalized frequencies from 0.15 to 1.0 with step of 0.05. These values are later reduced during VFD reduction to 2 voltages and 4 frequencies.
The standard task graph (STG) benchmarks generated by Tobita and Kasahara [78] are used in our experiments. FIGURE 6 shows the characteristics of the 1260 different STGs used in the simulations. The purpose of this figure is simply to illustrate that STG samples were selected to cover a wide range of the application characteristics, such as highly parallel or highly serial, and high and low traffic. The traffic edges and critical paths are plotted against parallelism for each benchmark. Hence, each benchmark is represented as two data points in the figure. The critical path length is the processing time of the tasks that lie on the critical path. The parallelism factor is the sum of all task computation times divided by the critical path time. The number of edges represents the degree of communication between tasks. The number of tasks used in the benchmarks varies from 4,000 to 16,000.
C. IDLE/DYNAMIC POWER RATIO RESULTS AND ANALYSIS
In this section, we study the impact of the nominal Idle/ Dynamic power ratio on the best optimization method for minimizing power. Assuming the Idle/Dynamic power ratio to be 1x, i.e., the total idle power is equal to the total dynamic power for the given application, FIGURE 7 shows the average normalized EDP (across all 1260 benchmarks) using all 38 configurations listed in Table 3 . Configuration 1 is considered the nominal case and, as shown in FIGURE 7, FIGURE 6. Characteristics of 1260 STG benchmarks used in the experiments, generated by Tobita and Kasahara [78] . 2 the idle power is equal to the dynamic power (1 st bar in chart). Configurations 2, 3, 4, and 5 (next 4 bars in chart) reduce power through switching off unused cores only, by using different scheduling techniques, and without any voltage or frequency scaling. There is a noticeable reduction in EDP, as expected, but this is impressive nevertheless, since VFDs were not used. In fact, none of the VFD cases (configurations 6 -38) performed better. The lowest power consumption case is configuration 2. It uses children-based task priority, CTP, and center-of-gravity core selection, CoGC. This illustrates and emphasizes the effectiveness of dark silicon over VFDs by simply controlling power through switching off some of the unneeded cores. FIGURE 8 shows the same average power for all configurations, but this time the Idle/Dynamic power ratio is set to 0.2x for the nominal case. Reducing the Idle/Dynamic power 2 http://www.kasahara.elec.waseda.ac.jp/schedule/ ratio tends to favor multi-V dd /frequency scaling approaches. For this case, many VFD configurations are able to beat the non-VFD cases. The minimum EDP number is produced using configuration 36, which uses multi-V dd /frequency design with VFSR for VFD reduction, C2SC for core reduction, STP for task priority, CoGC for core selection, and SDL for layout. A closer look at this configuration reveals that the simultaneous reduction of the voltage and frequency numbers, i.e., VFSR, is the most efficient method. As discussed earlier in section D, this method is the most flexible and it does seem to produce the best energy saving numbers. Moving tasks from removed cores to a single core, i.e. C2SC, seems to produce the best estimated number of cores to be used by the application, and this is surprising. As explained earlier in section C, this configuration is the least flexible, i.e., the core reduction is minimal. Allowing more cores to be used by the application seems to improve the performance and hence the EDP. The slack task priority, i.e., STP, is prioritizing the tasks during scheduling based on the task's slack; the more the slack the less the priority. STP seems to do better than CTP in the case of multi-V dd /frequency design. Using the center of gravity, based on traffic weights, i.e. CoGC, when selecting a core during scheduling, appears to maximize the EDP. CoGC consistently shows the best results. Finally, the stacked domains layout (SDL) is showing better results when compared to the alternating domain layout (ADL). Table 4 shows the configuration number that produces the best power savings given the Idle/Dynamic ratio. As the ratio goes down configuration 36 produces the best power savings compared to the nominal case, namely configuration 1. As the Idle/Dynamic ratio increases, configuration 2 starts to take the lead in power savings. In summary, when the dynamic power is dominant, multi-V dd /frequency design is shown to produce the best power savings, namely configuration 36. On the other hand, if the idle power is the dominant power component, configuration 2 is shown to produce the best FIGURE 7. Average normalized EDP per configuration (shown in Table 3 ), averaged across 1260 benchmarks assuming idle/dynamic ratio = 1x. power savings. The transition point in our simulations is roughly when Idle/Dynamic is 0.5 in the nominal case. Therefore, the dynamic power consumption should be twice as high as the idle power for the VFD approach to be viable according to these results. Otherwise, it is better to shut off unused cores and use a single V dd /frequency.
Further analysis of the results shows the reason behind the given outcomes. Table 5 provides the number of cores and the number of cycles averaged across all 1260 applications for each configuration. As shown, the number of cores is very close in both configurations, with about a 2.5% difference. Thus, the impact of the number of cores should be minimal. However, the difference in the number of cycles is substantial with 45530 cycles more for configuration 36, an increase of 40% compared to configuration 2. This execution time increase is due to voltage/frequency scaling, i.e., as the volt- age and/or frequency scales down to save power, the execution time has to increase.
Another important reason for the time increase is that VFD design adds more scheduling restrictions. A task must be scheduled on a core that exactly fits the task's pre-assigned voltage/frequency within a given VFD. This would limit the number of available cores for this task to be scheduled within a specific VFD. An implementation with no VFD design, i.e., no voltage/frequency scaling, allows any task to execute on any core without restrictions. This also has implications on traffic. A task might be forced to be scheduled far away from its pre-or post-tasks because its VFD is far away, which might incur extra waiting time for the traffic dependencies to be resolved. This issue is demonstrated with the task's idle time shown in Table 5 . The task's idle time is defined as the time a task has to wait for the communication traffic. As shown, configuration 36 is showing a higher task's idle time as compared to configuration 2.
VIII. LIMITATIONS
Although, we compared the accuracy of LVSiM with Sniper/ McPAT for frequency scaling, voltage scaling was not compared because Sniper/McPAT does not have this feature [64] . Generally, the issue of accuracy versus complexity in modelling complex systems is one of the major concerns for most simulators. LVSiM simulates thousands of tasks running on thousands of cores with multiple voltage and frequency domains, while considering workload and transistor level variability. Thus, it is hard to claim high absolute accuracy in this multi-layered simulation system. In this situation, the objective was to achieve relative accuracy when comparing different methods subjected to the same simulation environment. This is an acceptable compromise for validating proposed methods and techniques in a holistic simulation platform, such as LVSiM, in the very early stages of the design cycle.
Another issue in this work is the use of randomly generated benchmarks (produced by Tobita and Kasahara [78] ). Most of the off-the-shelf benchmarks (representing actual applications) target multicores with a very limited number of cores. Therefore, these benchmarks, typically consisting of a few hundred tasks, cannot be used to explore the real potential and limitations of a manycore system. Even if multiple instances of the same small benchmark are simulated, they still do not represent a large benchmark with thousands of tasks. Using randomly generated benchmarks is acceptable for the stated objectives of this paper.
IX. CONCLUSION
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